Dendritic cells (DC) are increasingly applied as cellular adjuvants in the immunotherapy of cancer. Since the development of a standardized DC vaccine product is often hampered by the relatively limited availability of DC precursors and the inter-and intra-donor variability, and the preparation of individual vaccines for each and every patient is very labor intensive, it would be preferable to use DC from a readily available and unlimited source, such as cell lines can provide. It has been described that leukemia-derived cell lines are able to differentiate into functional DC, creating possibilities for the development of highly reproducible DC vaccines. This review discusses the different human DC cell line differentiation models described so far. Based on the available data, characteristics that determine the ability of leukemia cells to differentiate along the different precursor stages into functional DC will be formulated. In addition, evidence will be provided that the human CD34+ acute myeloid leukemia cell line MUTZ-3 provides DC that exhibit the functional properties that are crucial for the in vivo generation of CTL-mediated immunity, and thus currently represents the most valuable and sustainable model system for both myeloid DC differentiation and clinical DC vaccination studies.
Introduction
Dendritic cells (DC) are professional antigen presenting cells (APC) and are key regulators of the immune system. Located at the boundary between the inside and the outside world, DC provide a bridge between the innate and adaptive immune system. As sentinels throughout the body, DC capture and process antigen, undergo maturation and subsequently migrate to the secondary lymphoid organs, where they present the processed antigens to naive T cells and initiate primary T cell responses. In vivo, DC originate from bone marrow-derived CD34+ hematopoietic progenitor cells (HPC). CD34+ HPC can give rise to two classic myeloid DC subsets, i.e. Langerhans cells (LC), which line the epithelial layers of the skin, and interstitial dendritic cells (IDC), which can be found in the dermis and throughout the body (1, 2) . Besides that, CD34+ HPC can also give rise to a non-classical plasmacytoid DC (PDC) subset, which has been described to secrete large amounts of IFN-α/β upon viral encounter, thereby representing the first barrier to intruding viruses (3, 4) .
Several protocols have been developed to generate human DC in vitro. DC can be generated from blood or bone marrow-derived CD34+ HPC or peripheral blood-derived CD14+ monocytes (5-7).
Upon culturing in the presence of GM-CSF, TNF-α and TGF-β or IL-4, CD34+ HPC progenitors can be differentiated into LC or IDC, respectively (6, 8, 9) . Besides that, IDC can also be generated from CD14+ monocytes. In the presence of different cytokine combinations, CD14+ monocytes can develop into DC with distinct phenotype and function. As described, upon culturing with GM-CSF and IL-4, IFN-α/β or IL-15, monocytes are able to develop into IL-4-DC, IFN-DC or IL-15-DC, respectively (10) (11) (12) (13) (14) (15) . The development of such DC differentiation protocols has been of great importance for studying DC biology, and the subsequent implementation in clinical DC vaccination studies. Unfortunately however, DC differentiation and clinical DC vaccination studies are often hampered by difficulties in the generation of large amounts of immuno-stimulatory DC due to low and varying levels of DC precursors, inter-and intra-donor variability or to the use of dysfunctional cancer patient-derived DC precursors.
It has been described that tumor cells of the myeloid and lymphoid lineage exhibit the potential to differentiate into DC-like APC. Primary myeloid leukemic blasts are able to differentiate in vitro into functional DC, expressing high levels of co-stimulatory and MHC class I and II molecules, and capable of inducing leukemia-specific cytotoxic T cells (16) (17) (18) (19) (20) (21) . Moreover, this DC differentiating potential has also been shown for leukemia-derived cell lines, especially those that originate from the myelogenous or monocytic lineage, such as THP-1, HL-60, KG-1 and MUTZ-3, creating possibilities for the development of a highly reproducible model for DC differentiation and clinical DC vaccination studies.
This review outlines the different human DC cell line differentiation models described so far. In this perspective, we will discuss the DC differentiation properties of the different leukemia cell lines, as well as the differences in functional properties of the different leukemia cell line-derived DC. Moreover, characteristics that determine the ability of leukemia cells to differentiate along the different precursor stages into functional DC will be formulated. We will provide evidence that the myelomonocytic leukemia cell line MUTZ-3 represents the most valuable and sustainable model system for myeloid DC differentiation, exhibiting discrete transitional stages in myeloid DC development to both IDC and LC.
Furthermore, MUTZ-3-derived DC display the functional characteristics required for the in vivo generation of CTL-mediated immunity and thus represent a suitable candidate for application in clinical tumor vaccination settings.
Leukemic DC differentiation
Myeloid leukemic blasts represent malignant, myeloid-lineage committed hematopoietic progenitor cells, that have been described to be able to differentiate in vitro along the DC pathway and develop into APC with phenotypic and functional DC characteristics (16) (17) (18) 22) . Although culturing primary leukemic blasts with various combinations of cytokines has been demonstrated to yield functional DC, not all leukemic blast are responsive to cytokine treatment (20, 23, 24) , possibly due to the lack of specific receptors or components of the proximal signal transduction pathways. By making use of agents that bypass the receptor/ligand signaling required for DC differentiation, this cytokine unresponsiveness could be circumvented. Examples of such agents are calcium ionophores (CI), which have been described to signal via increasing calcium mobilization and subsequent activation of the calmodulin/calcineurin/calmodulin-dependent kinase signaling axis (25, 26) , or phorbol esters like phorbol 12-myristate 13-acetate (PMA) and 12-O-tetradecanoylphorbol 13-acetate (TPA), which exert their effect via protein kinase C (PKC) and downstream signaling molecules such as RelB and other members of the NF-κB transcription factor family (27, 28) . Indeed, CI or phorbol ester-treated DC precursors rapidly display characteristics of activated DC, including down-regulation of CD14, upregulation of co-stimulatory and MHC molecules, de novo expression of CD83 and the acquisition of dendritic cell morphology (25, 27, 28) . Of note, although the use of CI/phorbol esters results in a more mature DC phenotype, these agents also lead to instant maturation, thereby bypassing the immature stage, as well as to lower viability as compared to cytokine-induced DC differentiation (20, 28) .
THP-1
The THP-1 cell line was first described by Tsuchiya and co-workers as a human leukemia cell line with distinct monocytic characteristics such as lysozyme production and phagocytosis capacity (29) .
Although THP-1 cells have been demonstrated to acquire DC properties upon stimulation with cytokines, the DC differentiation capacity of THP-1 cells is relatively low, since generally less than 5% of THP-1 cells express the classic myeloid DC marker CD1a after differentiation (Table I and 
KG-1
KG-1 is a cytokine-responsive CD34+ myelomonocytic cell line derived from a patient with erythroleukemia undergoing myeloblastic relapse (34) . Upon culturing with phorbol esters, KG-1 develop pseudopodia and display phagocytosis, nonspecific esterase and lysozyme-secreting activity, all features of the monocyte/macrophage lineage (35, 36) . Recently, KG-1 cells have also been described to acquire DC-like properties upon stimulation with either cytokines or PMA +/-CI. However, as also observed for THP-1 cells, the percentage of KG-1 cells that express CD1a after differentiation is only around 10 %, demonstrating the low DC differentiation capacity of KG-1 cells (Table I and (23, 24, 27, 37) ). In addition, differentiation was accompanied by distinct expression of the DC maturation marker CD83, indicating instant maturation induction. Nevertheless, stimulation with either cytokines or PMA +/-CI does lead to some degree of DC differentiation, as demonstrated by the expression of intermediate to high levels of CD86, CD83 and HLA-DR, and the enhancement of the allogeneic T cell stimulatory capacity of KG-1 DC compared to un-stimulated KG-1 cells (27, 30 ). Yet, differentiation/maturation of the KG-1 DC has been shown to be incomplete, since maturation was not associated with decreased antigen uptake and the acquisition of LN-migration capacity (27, 38) .
HL-60
The acute promyelocytic leukemia cell line HL-60 is a multipotent cell line capable of differentiating along the granulocytic, monocyte-macrophage or eosinophilic pathway. Upon culturing with chemicals or physiological agents, such as dimethyl sulfoxide (DMSO) and retinoic acid, HL-60 develop into mature granulocytes (39, 40) , whereas when exposed to 1,25-dihydroxy-vitamin D3 or to be insensitive to cytokine-driven DC differentiation (Table I and (22,46)), inclusion of calcium mobilization treatment resulted in DC differentiation (46) . Upon CI-treatment, HL-60 cells rapidly (within 20 hours) up-regulated CD86 and demonstrated de novo expression of CD83, CD80 and CD54. Expression of CD40, and more importantly CD1a only became apparent after 72-96 hours, whereas CD83 expression, which had been shown to be transient with a peak expression at 20 hours, was undetectable at 96 hours. In addition, CI treatment also resulted in a marked increase in APC function, as determined by enhanced allogeneic T cell stimulation capacity. However, the observation that HL-60 cells failed to express MHC class II molecules and down-regulated MHC class I molecules upon CI treatment, suggests that antigen-specific T cells stimulatory capacity might be low (46) .
Monomac-6
The human acute monocytic leukemia cell line monomac-6 exhibits a well-differentiated monocyte phenotype, with phagocytosis activity, the expression of NaF sensitive nonspecific esterases and the expression of mature monocyte marker CD14 (47) . Besides that, monomac-6 cells are able to produce IL-1β, IL-6 and TNF-α in response to LPS and are capable of migration towards β-chemokines such as MIP-1α and β, RANTES and MCP-1, as also described for human blood monocytes (48) (49) (50) (51) . However, although monomac-6 cells closely resemble human blood monocytes, they are not able to differentiate into DC (24, 30) .
U-937
The histiocytic lymphoma cell line U-937 also exhibits monocytic characteristics, displaying monoblast morphology, lysozyme production and esterase activity (52) . In contrast to monomac-6 cells, U-937 cells do not display phagocytosis activity, indicating that they are arrested at a relative early stage of monoblast development (47) . Yet, U-937 cells are able to acquire mature monocyte-like morphologic and phenotypic characteristics upon stimulation with PMA (53, 54) . Nevertheless, despite its monocyte-like characteristics, the U-937 cell line is unable to differentiate into DC (24, 30) .
K562
The chronic myelogenous leukemia (CML) cell line K562 is a multipotent cell line, capable of differentiating along the megakaryocytic, erythroid and monocytic pathway (55) (56) (57) . In addition, upon stimulation with PMA +/-TNF-α, K562 cells develop DC-like cytoplasmic projections, but expression of typical DC markers such as CD86, CD40 and CD83 remains low. Moreover, DC differentiation was not terminal, since removal of the PMA/TNF-α resulted in a reversal of the DC phenotype and function. In addition, K562 cells were also shown to be unresponsive to cytokine-induced DC differentiation (Table   I and (58)). Taken together, although PKC signaling does induce some level of DC differentiation, K562 cells are not very potent in developing along the DC pathway.
MUTZ-3 Phenotypic characterization
The MUTZ-3 cell line is derived from the peripheral blood of a patient with acute myelomonocytic leukemia, and exhibits morphological and phenotypical characteristics of monocytes such as the expression of monocyte specific esterase and myeloperoxidase enzymes and the expression of monocytic marker CD14 (59) . Different from the above mentioned leukemia cell lines, the MUTZ-3 cell line has been described recently to be cytokine-dependent for its proliferation and survival (59, 60) . (Table II) , as also described for skin DDC and MoDC (62) (63) (64) (65) (66) . On the other hand, MUTZ-3 LC had been shown to resemble skin LC, expressing Langerin, membrane adenosine triphosphatase (ATPase) and CCR6, all hallmarks of the LC lineage (67-70).
MUTZ-3 progenitor pool

CD14+/CD11b+
Langerhans cell Besides phenotypic requirements for proper T cell activation, DC should also meet functional requirements in order to act as fully immunostimulatory DC. DC should not only be fully mature, but also exhibit high T cell stimulatory capacity (allogeneic and antigen specific), be able to migrate in response to lymph node-produced chemokines and produce cytokines that are involved in T helper and cytotoxic T cell function (2, 72, 73) . Central to their role as professional APC, DC should be able to prime naïve T cells. As described, immature MUTZ-3 IDC displayed a three-fold enhancement of allogeneic T cell stimulatory capacity compared to MUTZ-3 progenitors, and this was further up-regulated upon maturation (24, 61) . Of note, MUTZ-3 LC generally displayed higher levels of co-stimulatory molecules, which translated into a superior allogeneic T cell stimulatory capacity of MUTZ-3 LC as compared to MUTZ-3 IDC ( figure 4 and (61) A pivotal ability of fully mature, immunostimulatory DC is migration to the secondary lymphoid organs. Mature MUTZ-3 IDC and LC express the chemokine receptor CCR7 and are capable of migrating towards lymph node-homing chemokines CCL19 and CCL21. Different to previous observations for MoDC, the in vitro migration of MUTZ-3 IDC and LC is independent / less dependent on prostaglandin E2 (PGE2; Santegoets et al, submitted). The latter characteristic might be beneficial in clinical DC vaccination settings. Although PGE2 has been demonstrated to be required for effective migration of DC towards lymph node homing chemokines (76, 77) , the use of this inflammatory mediator with a Th2 driving role also has major disadvantages. As described, maturation of DC in the presence of PGE2 results in impaired IL-12 production and promotes the development of T helper cells that produce high levels of type 2 cytokines such as IL-4 and IL-5 (78, 79) .
In summary, the human CD34+ AML cell line MUTZ-3 represents a valuable and sustainable model system for myeloid DC differentiation, and provides us with DC that exhibit functional properties that are essential for the in vivo generation of CTL mediated immunity. 
Implementation of leukemia cell lines in myeloid DC differentiation studies.
Although extensively studied, the delineation of human myeloid DC differentiation is hampered by low frequencies and heterogenicity of DC precursors. For that reason, there is an obvious need for homogenous primary cell systems that allow us to study myeloid DC differentiation, as also mentioned by Platzer and co-workers (80) . As described, the transitional DC differentiation requires cytokines that promote monopoiesis or DC differentiation such as macrophage-colony stimulating factor (M-CSF), GM-CSF and TNF-α (81, 82) . Besides that, the expression CD14, TNF-αRI and CD86 on primary leukemic blast have also been demonstrated to be beneficial for proper DC differentiation (83) (84) (85) , as well as the absence of FLT-3 internal tandem duplicates (ITD) (86) . As shown in table III, most leukemic cell lines exhibit several characteristics known to be associated with DC differentiation.
However, only the MUTZ-3 cell line is dependent on cytokines for its proliferation and survival, indicating that this is an important parameter for the observed DC differentiating capacity and the presence of transitional stages in DC differentiation of leukemic cell lines. The latter is further illustrated by transduction experiments with signal transducer of transcription 5b (STAT5b), which has been described to be involved in cytokine signal transduction of cytokines associated with DC precursor growth and differentiation such as IL-3, GM-CSF, TNF-α, SCF and FLT-3 (87). As described, constitutive expression of STAT5b resulted in cytokine-independent growth of the MUTZ-3 cells, as well as accelerated DC differentiation and instant maturation (reminiscent of other leukemia cell lines with DC differentiating potential), indicating that indeed transitional DC differentiation is cytokine dependent (88) . Besides that, the cytokine dependence of MUTZ-3 is further illustrated by the lack of human telomerase reverse transcriptase (hTERT) expression (data not shown), which has been described to be involved in the development of cytokine unresponsiveness of (malignant) hematopoietic progenitor cells (89) . Taken together, although the expression of CD14, TNF-αR1 and/or CD86 are indicative for the ability of leukemia cells to differentiate into DC, cytokine-sensitivity of the leukemic cells is the most important parameter for the ability to differentiate along the different precursor stages, indicating that the latter should be taken into account in the search for novel human DC cell lines. Of note, to circumvent that repeated vaccination with one particular allo-DC vaccine leads to accelerated clearance of the vaccine, and thus leads to a decrease in the efficacy of vaccination, it would be of great importance to develop a prime-boost regimen consisting of different allogeneic DC vaccines, further illustrating the importance of the development of additional DC cell lines.
Alternatively, consecutive immunization could also be performed with antigens only, i.e. boosting with peptide-or DNA-based vaccines or recombinant viruses (100,101).
Concluding remarks
Although monocytic leukemia cell lines such as THP-1, KG-1, K562, monomac-6 and U-937 had originally been predicted to be good candidates for differentiation into DC-like cells, these leukemia cell lines have been demonstrated to be poor models for DC differentiation, most likely because they are already developed too far along the monocyte/macrophage differentiation pathway to allow redirection towards DC and because of their cytokine refractory phenotype (98, 102, 103 
